The role of a municipal wastewater treatment plant as a reservoir for bacteria carrying antibiotic resistance plasmids was analysed. Altogether, ninety-seven different multiresistance plasmids were isolated and screened by PCR for the presence of class 1 integron-specific sequences. Twelve of these plasmids were identified to carry integrons. In addition, integron-specific sequences were found on plasmid-DNA preparations from bacteria residing in activated sludge and in the final effluents of the wastewater treatment plant. Sequencing and annotation of the integrons identified nineteen different gene cassette arrays, containing twenty-one different resistance gene cassettes. These cassettes carry genes encoding eight different aminoglycoside-modifying enzymes, seven dihydrofolate reductases, three L-lactamases, two chloramphenicol resistance proteins and two small exporter proteins. Moreover, new gene cassettes and cassettes with unknown function were identified. Eleven gene cassette combinations are described for the first time. Six integron-associated gene cassette arrays are located on self-transmissible, putative broad-host-range plasmids belonging to the IncP group. Hybridisation analyses, using the integron-specific gene cassette arrays as templates and labelled plasmid-DNA preparations from bacteria of the final effluents as hybridisation probes, revealed that bacteria containing integron-specific sequences on plasmids are released into the environment.
Introduction
The widespread increase in bacterial resistance to antibiotics is an issue of great concern. The reason for this resistance problem is the extensive use and misuse of antibiotics in clinical therapy and animal husbandry. Bacteria have evolved di¡erent strategies of resistance to antibiotics, e.g. a reduction in the permeability of the bacterial cell wall for antibiotics, the production of enzymes that degrade antibiotics and the alteration of target sites for antibiotics. Once resistance has been established, it can be spread by means of mobile genetic elements. The most important vehicles for gene transfer are mobilisable or self-transmissible plasmids in conjunction with transposons, IS-elements and integrons [1^4] .
Wastewater treatment plants receive bacteria which are previously exposed to antibiotics from private households, hospitals and animal husbandries, and are considered to be hot-spots for horizontal gene transfer because of their nutritional richness and high bacterial density [5, 6] . Smalla and Sobecky [7] reviewed recent studies aimed towards the isolation of mobile genetic elements from a variety of ecological habitats, including wastewater treatment plants. Bla ¤zques et al. [8] isolated conjugative resistance plasmids of enterobacterial strains from sewage origin. Resistance plasmids, conferring various antibiotic resistance patterns, were acquired from activated sludge samples by the exogenous plasmid isolation method [9] . Ten out of 12 plasmids isolated in that study belonged to the incompatibility group P (IncP), and seven plasmids were identi¢ed as broad-host-range plasmids displaying very high transfer frequencies, ranging from 10 31 to 10 32 per recipient cell. It thus becomes clear that plasmids integrating broadhost-range functions and antibiotic resistance traits play an important role in the plasmid-mediated spread of resistance genes in wastewater puri¢cation facilities.
For the prototype broad-host-range IncP-1L plasmid R751 it is known that two resistance genes located on this plasmid are organised as parts of an integron [10] . Integrons are widespread mobile genetic elements that are able to incorporate antibiotic resistance gene cassettes and are therefore important for the capture, dissemination and recombination of resistance determinants [11^14] . Integrons contain the genetic information of a site-speci¢c recombination system, consisting of an int gene encoding a site-speci¢c recombinase and an adjacent recombination site (attI). This recombination system catalyses the capture of mobile resistance gene cassettes, consisting of a promoterless resistance gene and a recombination site, a so-called 59-base element. Gene cassettes, which also exist in a free circular form, can be integrated into an integron via sitespeci¢c recombination at the attI site, located upstream of the integrase gene, and then become part of the integron [15^17] . Expression of the gene cassettes is driven from a promoter that is located in the integrase coding region [11, 13, 14] . In case of the plasmid-borne integron In53, eight antibiotic resistance gene cassettes are part of the variable region of the integron. These cassettes confer resistance to the antibiotics amikacin, L-lactam antibiotics, gentamicin, netilmicin, rifampin, spectinomycin, streptomycin, sulfonamides, and tobramycin [18] . In addition to the intI1 gene, encoding a speci¢c integrase, class 1 integrons contain a 3P-conserved region, which is composed of a qacEv1 gene, conferring resistance to quaternary ammonium compounds and disinfectants, a sul1 gene, encoding sulfonamide resistance, and orf5, the function of which is unknown [19, 20] . Oligonucleotide primers speci¢c to the conserved segments of class 1 integrons can be used to amplify the variable region containing one or more resistance gene cassettes [21] . Ampli¢cation of integron-speci¢c sequences has been used to screen the Enterobacteriaceae, non-fermenting bacteria and bacteria from an aquatic environment for the presence of integrons [22^25] . Primers designed to conserved regions of the integrase gene and the gene cassette recombination site, were used to screen environmental DNA for the presence of integrons [26] . Several new gene cassettes and new combinations of resistance genes in integrons were found using these analyses.
The main objective of this study was to isolate resistance plasmids from activated sludge bacteria residing in a municipal wastewater treatment plant and to screen them for the presence of class 1 integrons. Integrons identi¢ed were characterised at the molecular level. In addition, the question was addressed whether bacteria of the ¢nal e¥uents, which are released into the environment, carry plasmids with integron-speci¢c sequences.
Materials and methods

Bacterial strains, plasmids and growth conditions
Bacterial strains and plasmids are listed in Table 1 . Escherichia coli DH5K, E. coli TOP10 and plasmid containing derivatives of these strains were grown at 37 Pseudomonas sp. GFP1 transconjugants carrying antibiotic resistance plasmids were selected on M9 minimal medium [27] containing 8 mM 3-chlorobenzoate as the sole carbon and energy source (pH 7.5). The ¢nal concentrations of antibiotics for selective growth were as described above. Indicator medium for strains expressing an active L-galactosidase was supplemented with 40 Wg ml 31 (¢nal concentration) of X-gal (5-bromo-4-chloro-3-indolyl-L-Dgalactoside).
Genetic methods
Conjugative plasmids from activated sludge bacteria were isolated using Pseudomonas sp. GFP1 as a recipient. Filter crosses were carried out as described [9] with minor modi¢cations. Activated sludge samples were collected with two biological replicates in February, March, May, June and September during the year 2001 at the wastewater treatment plant Bielefeld-Heepen from an activated sludge basin, and used in mating experiments with Pseudomonas sp. GFP1. Three independent matings were done for each activated sludge sample. For the mating experiment, 800 Wl activated sludge was mixed with 200 Wl of the recipient Pseudomonas sp. GFP1 with an OD 580 of about 0.8. Matings were incubated for 16 h at 30 ‡C and GFP1 transconjugants were selected on M9 minimal medium, containing 3-chlorobenzoate, kanamycin, gentamicin and one of the following antimicrobial agents: cefpirome, erythromycin, spectinomycin, streptomycin or tetracycline. Putative transconjugants, which arose at frequencies of about 10 35^1 0 38 , were puri¢ed on selective media and checked for their GFP-phenotype and plasmid content.
Standard DNA techniques
Determination of the plasmid content of Pseudomonas sp. GFP1, E. coli DH5K and E. coli TOP10 derivatives was done by Eckhardt-gel analysis as described [28] .
Total plasmid-DNA from activated sludge bacteria or plasmid-DNA from Pseudomonas sp. GFP1, E. coli DH5K or E. coli TOP10 was prepared with the Nucleobond Kit PC100 on AX 100 columns (Macherey-Nagel, Du « ren, Germany) according to the protocol supplied by the manufacturer. antibiotic used for selection) of these agar plates and subjected to total plasmid-DNA isolations. Plasmid-DNA preparations were processed separately for the colonies from di¡erent antibiotic-containing media and subsequently used to transform E. coli DH5K, E. coli TOP10 or Pseudomonas sp. GFP1 by the CaCl 2 method or electroporation, respectively. Preparation of Pseudomonas sp. GFP1 cells for electroporation was done by the protocol described recently [29] . The electroporation of Pseudomonas sp. GFP1 cells was carried out according to the Gene Pulser (BioRad) Electroprotocol as for Pseudomonas putida ATCC 12633. Selection of transformants was done on media containing those antibiotics that were used for the primary selection of endogenous bacteria of the activated sludge samples. Putative transformants were puri¢ed on selective media and checked for their GFP-phenotype in the case of Pseudomonas sp. GFP1. Total plasmid-DNA from bacteria of the ¢nal e¥uents of the wastewater treatment plant was isolated from a sample taken in May 2001 (two replicates) by collecting the bacteria of 1 l water by centrifugation. The bacterial pellets were resuspended in 1 ml M9 minimal medium and serial dilutions of these suspensions were plated on LB media containing the antibiotics ampicillin, kanamycin, spectinomycin or streptomycin. Further steps of the plasmid-DNA preparation were as described above for activated sludge bacteria. Recombinant pGEM-T-Easy and pZErO-2 derivatives were isolated, using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
DNA was extracted from agarose gels with the Sephaglas BandPrep Kit (Amersham Pharmacia Biotech, Freiburg, Germany).
Restriction enzyme digestion, agarose gel electrophoresis, DNA cloning and transformation of E. coli was carried out according to Sambrook et al. [27] .
Replicon typing by polymerase chain reaction (PCR)
Inc groups of resistance plasmids were determined by PCR with replicon-speci¢c primers for the Inc groups P, Q, W, N and A/C as described [30, 31] . The primer pairs for the speci¢c Inc groups were: trfA2-1/-2 for IncP, oriV-1/-2 for IncQ, oriV-1/-2 for IncW, kikA-1/-2 for IncN and rep-1/-2 for IncA/C [30, 31] .
Plasmid-DNA was puri¢ed with the Nucleobond Kit PC100 on AX 100 columns (Macherey-Nagel) and used as template DNA in Inc-speci¢c PCR.
Ampli¢cation and cloning of integron-speci¢c gene cassettes
Ampli¢cation of the variable regions of class 1 integrons was done by using the primers 5P-CS and 3P-CS [21] , which bind to the conserved segments of the integron. Total plasmid-DNAs from activated sludge bacteria and bacteria from the ¢nal e¥uents or plasmid-DNAs from isolated resistance plasmids, puri¢ed with the Nucleobond Kit PC100 on AX 100 columns (Macherey-Nagel), were used as template DNAs in integron-speci¢c PCR. PCR conditions were as described [21] .
Prior to cloning, PCR products were puri¢ed on MicroSpin S-400 HR Sephacryl columns (Amersham Pharmacia Biotech).
Integron-speci¢c ampli¢cation products were cloned into the vector pGEM-T-Easy by using the pGEM-TEasy Vector System I (Promega GmbH, Mannheim, Germany). Recombinant pGEM-T-Easy derivatives were characterised by restriction analysis and sequencing.
Subcloning of BamHI restriction fragments of the resistance plasmid pSp1
Plasmid-DNA of the resistance plasmid pSp1 was isolated with the Nucleobond Kit PC100 on AX 100 columns (Macherey-Nagel) according to the protocol supplied by the manufacturer and restricted with the enzyme BamHI. The resulting restriction fragments were cloned into the BamHI-digested plasmid pZErO-2 (3.3 kb). Recombinant pZErO-2 derivatives were characterised by sequencing with standard sequencing primers. The plasmids pZErO-2-B36 and pZErO-2-B11 with a 2550-bp and a-3770 bp insert, respectively, contain integron-speci¢c sequences.
Nucleotide sequence analysis
Sequencing of the integron-speci¢c ampli¢cation products cloned into the vector pGEM-T-Easy was achieved by using pUC/M13 forward and reverse sequencing primers and walking primers designed on the nucleotide sequences Ampli¢cation of integron-speci¢c gene cassette arrays using isolated resistance plasmids as template DNAs. Plasmid-DNAs of the resistance plasmids pSp14 (2), pSp33 (3), pSp39 (4), pSm47 (5), pSp7 (6), pT7 (7), pCEm5 (8), pTc1 (9), pCEm1 (10), pSp32 (11) and pEm5 (12) were used as template DNAs in integron-speci¢c PCR with the primers 5P-CS and 3P-CS [21] . The ampli¢cation products carrying the gene cassette arrays (variable region of the integron) vary in size from 1200 bp to 3000 bp. The negative control (13) contained no template DNA. Marker X (Roche) was used as length standard (1 and 14). Table 3 ).
DNA hybridisation
For hybridisation experiments, restriction fragments or PCR products were separated by gel electrophoresis and transferred onto Qiabrane nylon membranes (Qiagen, Hilden, Germany) by vacuum blotting. Integron-speci¢c probes were labelled by using the PCR DIG Probe Synthesis Kit (Roche, Mannheim, Germany), with total plasmid-DNAs from pre£ooder bacteria as template DNA and integron-speci¢c primers (5P-CS and 3P-CS) in a PCR reaction. Plasmid-DNA preparations originating from pre£ooder bacteria grown on LB media containing ampicillin, kanamycin, spectinomycin or streptomycin were pooled prior to the PCR-labelling, which was done according to the PCR DIG Probe Synthesis Kit protocol (Roche, Mannheim, Germany). The PCR conditions were as described [21] . IncP-1K-and IncP-1L-speci¢c probes were synthesised by PCR with the primers trfA2-1 and trfA2-2 [30] on RP4 (IncP-1K) [32] or pB4 (IncP-1L) [33] plasmid-DNAs, respectively. Hybridisation was done under high stringency conditions. Detection of hybridising bands was achieved using the DIG Nucleic Acid Detection Kit (Roche), based on an enzyme-catalysed colour reaction using NBT/BCIP as substrates for the alkaline phosphatase.
Antimicrobial susceptibility testing
Susceptibility testing was done by the disc di¡usion test on Iso-Sensitest agar (Oxoid), with antibiotic discs supplied by Oxoid according to the standard procedure outlined by the National Committee for Clinical Laboratory Standards guidelines. The following discs were applied : amikacin (AK30), ampicillin (AMP25), cefaclor (CEC30), cefepime (FEP30), cefotaxime (CTX30), cefpirome (CPO30), ceftazidime (CAZ30), cefuroxime (CXM30), chloramphenicol (C10), cipro£oxacin (CIP5), erythromycin (E30), gentamicin (CN10, CN30), kanamycin (K30), nor£oxacin (NOR5), rifampicin (RD30), spectinomycin (SH10), streptomycin (S25), tetracycline (TE10), tobramycin (TOB10) and trimethoprim (W5). Gene Cassette Array (GCA) ampli¢ed on a total plasmid-DNA preparation.
f No signi¢cant database hit. Fig. 2 . The class 1 integron of the resistance plasmid pSp1 and gene cassette arrays (gca) located on integron-speci¢c ampli¢cation products. A: The integron of the resistance plasmid pSp1 was cloned on two BamHI restriction fragments (pZErO-2-B11 and pZErO-2-36) and sequenced. B: Integron-speci¢c ampli¢cation products were generated in PCR with the primers 5P-CS and 3P-CS [21] and isolated resistance plasmids as template DNAs. The ampli¢cation products were cloned into the vector pGEM-T-Easy and sequenced. The integron-speci¢c variable regions carrying the gene cassette arrays (gca) are shown for the exogenously isolated resistance plasmids pSm47, pSp14, pSp32, pSp33 and pSp39 (B1), and for the directly isolated resistance plasmids pCEm1, pCEm5, pEm5, pSp1, pSp7, pTc1 and pT7 (B2). C,D: Integron-speci¢c ampli¢cation products were generated in PCR with the primers 5P-CS and 3P-CS [21] and a total plasmid-DNA preparation from activated sludge bacteria (C) or a total plasmid-DNA preparation from bacteria of the ¢nal e¥uents of the wastewater treatment plant (D) as template DNA. The ampli¢cation products were cloned into the vector pGEM-T-Easy and sequenced. The integron-speci¢c variable regions with the gene cassette arrays (gca) are shown for the di¡erent cloned products. Di¡erent gene classes are marked in colour: Genes for aminoglycoside-adenylyltransferases (blue) ; genes for aminoglycoside-acetyltransferases (lilac); genes for dihydrofolate-reductases (red); genes for L-lactamases (yellow) ; gene for a chloramphenicol-acetyltransferase (green); gene for a chloramphenicol exporter protein (light green); genes for resistance against quaternary ammonium compounds and disinfectants (pink); gene for a putative transposase (black); genes of unknown function (white). Putative 59-base elements are marked with grey boxes. See Table 3 for the encoded gene products of the di¡erent gene cassettes.
Results
3.
1. Identi¢cation of a class 1 integron located on the resistance plasmid pSp1, isolated from activated sludge bacteria
The focus of this work was the analysis of a wastewater treatment plant as a reservoir for antibiotic resistance plasmids and resistance genes, respectively. Resistance plasmids were isolated by a transformation-based approach from activated sludge bacteria of a municipal wastewater treatment plant. For this purpose, an activated sludge sample was taken from an activated sludge basin of a municipal wastewater treatment plant in February 2001, and activated sludge bacteria were grown on LB medium containing the antimicrobial drug spectinomycin and subsequently subjected to total plasmid-DNA isolations. The resulting plasmid-DNA preparations were used to transform E. coli TOP10. One transformant exhibited resistance against ampicillin, chloramphenicol, spectinomycin and tetracycline and was shown to contain a 50-kb plasmid which was designated pSp1 (see Table 2 ). Attempts to transfer the plasmid pSp1 from E. coli to E. coli or from E. coli to Pseudomonas sp. GFP1 via conjugation were not successful, suggesting that pSp1 is not self-transmissible.
Partial sequencing of subcloned restriction fragments of pSp1 showed the existence of integron-speci¢c sequences on a 3770-bp and a 2550-bp BamHI restriction fragment. The double-stranded DNA-sequence was established for both BamHI fragments and these fragments were found to be continuous and to contain a class 1 integron. Annotation of the sequencing data is shown in Fig. 2A and in Table 3 . Upstream of a class 1 integrase gene (intI1) the integron carries three resistance genes: oxa10, encoding a L-lactamase of the oxacillin-hydrolysing type, aadA1, for an aminoglycoside-adenylyltransferase, and cmlA5, encoding a chloramphenicol exporter. In the 3P-conserved region of the integron the genes qacEv1, sul1 and the 5P end of orf5 were found. The gene cassettes oxa10 and aadA1 were fused (see Fig. 2A ). In addition, the oxa10/aadA1 fusion cassette possesses putative promoter structures upstream of oxa10 and recombination core-sites and inverse coresites were found to be conserved. The recombinant plasmid pZErO-2-B11, carrying the 3770-bp BamHI fragment with the intI1 gene and the oxa10/aadA1 fusion cassette, confers resistance against ampicillin, cefaclor and spectinomycin (see Table 4 ), but not against ceftazidime, cefuroxime, cefotaxime, cefpirome or cefepime to the E. coli strain TOP10. Downstream of the oxa10/aadA1 cassette, the cmlA5 gene cassette was found, so that the genetic organisation of the class 1 integron on pSp1 can be described as follows : intI1-oxa10/aadA1-cmlA5-qacEv1-sul1-orf5 (see Fig. 2A ).
Characterisation of resistance plasmids isolated exogenously and directly from activated sludge bacteria
The identi¢cation of a class 1 integron on the resistance Fig. 3 . Detection of integron-speci¢c sequences located on plasmids of bacteria of the ¢nal e¥uents by hybridisation analysis. A: The DNA fragments carrying the gene cassette arrays were excised from the recombinant pGEM-T-Easy derivatives with the restriction enzyme EcoRI, except for the gene cassette array of the plasmid pSp7 (lane 9) which was excised with the enzymes EcoRI and PstI. The insert fragments were separated from the vector fragments (pGEM-T-Easy : 3015 bp) by gel electrophoresis and blotted onto a nylon membrane. The gene cassette arrays of the resistance plasmids pEm5 (8), pSp7 (9) and pT7 (11) possess internal sites for EcoRI or PstI, respectively. B: The membrane was hybridised with a probe synthesised by PCR, using the integron-speci¢c primers 5P-CS and 3P-CS, digoxigenin-11-dUTP and a total plasmid-DNA preparation from bacteria of the pre£ooder water as template DNA. The recombinant pGEM-T-Easy derivatives carry the integron-speci¢c gene cassette arrays from the resistance plasmids pSm47 (1), pSp14 (2), pSp32 (3), pSp33 (4), pSp39 (5), pCEm1 (6), pCEm5 (7), pEm5 (8), pSp7 (9), pTc1 (10) and pT7 (11) (see Table 2 for details of the resistance plasmids). Marker III (Roche) was used as length standard (M).
plasmid pSp1 stimulated the screening of other resistance plasmids isolated from activated sludge bacteria for the presence of integron-speci¢c sequences. The isolation of antibiotic resistance plasmids from activated sludge bacteria of a wastewater treatment plant was done by two di¡erent methods. Conjugative resistance plasmids were obtained by the exogenous plasmid isolation method, using the gfp-marked (gfp^green fluorescent protein) Pseudomonas sp. strain GFP1 as recipient in mating experiments as described [9] . Pseudomonas sp. GFP1 transconjugants of exogenous plasmid isolation experiments were selected on M9 minimal media containing 3-chlorobenzoate, gentamicin, kanamycin and one of the following antimicrobial agents: ampicillin, cefpirome, erythromycin, spectinomycin, streptomycin or tetracycline. Approximately 970 putative Pseudomonas sp. GFP1 transconjugants were checked for their plasmid content by Eckhardt-gel analysis, which also allows ¢rst determination of the plasmid size. In very few cases, plasmid-free derivatives were observed, which might be explained by unstable maintenance or replication of the plasmid in the recipient bacterium.
In addition to the exogenous plasmid isolation method, resistance plasmids were isolated by a transformationbased approach. This o¡ers the opportunity to isolate plasmids that are non-transmissible. For this purpose activated sludge bacteria were grown on LB media containing one of the following antibiotics : ampicillin, chloramphenicol, erythromycin, gentamicin, kanamycin, spectinomycin, streptomycin or tetracycline. Growing bacteria were collected from these agar plates and subjected to total plasmid-DNA isolation. Plasmid-DNA preparations were subsequently used to transform E. coli DH5K, E. coli TOP10 or Pseudomonas sp. GFP1 by the CaCl 2 method or electroporation, respectively. Selection of transformants was done on media containing those antibiotics that were used for the primary selection of endogenous bacteria of the activated sludge samples. The plasmid content of about 540 putative transformants was analysed in Eckhardt gels and it was found that all transformants contained a plasmid.
To take only one representative of identical plasmids for further characterisations, selected plasmid-containing transconjugants and transformants were further distinguished with respect to the resistance patterns that they mediate and subsequent preparation of restriction pro¢les for isolated plasmids. Resistance patterns were determined by the disc di¡usion test methodology, with discs containing 18 di¡erent antimicrobial agents representing eight di¡erent antibiotic classes (see Section 2 for details). The tested plasmids mediate diverse resistance patterns, including resistance against amikacin, ampicillin, cefaclor, cefepime, cefotaxime, cefpirome, ceftazidime, cefuroxime, chloramphenicol, erythromycin, gentamicin, kanamycin, Resistances mediated by oxa, oxa1 and oxa10 could not be determined due to the ampicillin resistance gene of the vector pGEM-T-Easy. d A 3770-bp BamHI fragment carrying intI, oxa10/aadA1 and the 5P-part of cmlA5 of the integron present on pSp1 was cloned into the vector pZErO-2 (Km r ). The recombinant plasmid was designated pZErO-2-B11 and transformed into E. coli TOP10. Streptomycin resistance could not be determined due to an intrinsic streptomycin resistance of the E. coli host strain TOP10. spectinomycin, streptomycin, tetracycline and tobramycin. Some of the isolated plasmids mediated resistance against up to seven antimicrobial drugs (see Table 2 ). Plasmids of di¡erent resistance pattern classes were further distinguished by generating restriction pro¢les of individual plasmids. Restriction analysis with the restriction endonucleases EcoRI, EcoRV, HindIII, NotI, SacI and combinations of these enzymes resulted in the identi¢cation of 47 di¡erent plasmids which were isolated exogenously and 50 di¡erent plasmids which were isolated by the transformation approach. The sizes of the plasmids varied between 20 and about 100 kb. To assign the identi¢ed plasmids to certain Inc groups, PCR ampli¢cation of replicon-speci¢c fragments using speci¢c primers was performed. The speci¢ties of these primer systems were tested by Go « tz et al. [30] and found to be highly speci¢c. All of the plasmids isolated exogenously gave an ampli¢cation product of the expected size in an IncP-speci¢c PCR. None of the plasmids isolated directly could be assigned to any of the Inc groups P, Q, W, N or A/C, with the exception of the plasmid pSp7, which belongs to the IncP group, and pEm5, which belongs to the IncN group (see Table 2 ). To categorise plasmids giving IncP-speci¢c (trfA2) ampli¢cation products as IncP-1K or IncP-1L plasmids, respectively, hybridisation experiments using IncP-1K-and IncP-1L-speci¢c probes were carried out. The trfA2 PCR product of the plasmid pSp7 strongly hybridised with the IncP-1K probe, whereas those products of the plasmids pSp14 and pSm47 showed strong hybridisation signals with the IncP-1L probe (see Table 2 ). The plasmids pSp32, pSp33 and pSp39 gave clear but less strong hybridisation signals of comparable intensities with both probes, so that these plasmids most probably belong to another IncP-subgroup (see Table 2 ).
3.3. Integron-speci¢c gene cassette arrays were found to be located on several isolated resistance plasmids from activated sludge bacteria
To screen the di¡erent resistance plasmids for the presence of integron-speci¢c sequences, the variable region of class 1 integrons was ampli¢ed by PCR using the primers 5P-CS and 3P-CS [21] , designed to bind to the 5P-and 3P-conserved segments of class 1 integrons, respectively. The variable region of an integron contains one or more integrated gene cassettes. The 97 di¡erent multiresistance plasmids were screened in this way for the presence of class 1 integrons. Twelve of these plasmids (12%) gave an integron-speci¢c ampli¢cation product, varying in length from 1200 to 3000 bp (see Fig. 1 ). The ampli¢cates were cloned into the vector pGEM-T-Easy and subjected to sequence analysis. Fig. 2B1,B2 and Table 3 summarise the results, which were acquired by annotation of the sequencing data. The ampli¢ed integron-speci¢c variable regions contain two to four cassettes. In summary, thirteen gene cassettes encoding aminoglycoside-modifying enzymes, six for dihydrofolate reductases, four for L-lactamases, two for chloramphenicol resistance proteins and one for a putative small exporter protein were found. In addition, the function of seven gene cassettes is unknown or at least remains speculative (see Table 3 ). In total, 33 gene cassettes were analysed and 21 of these cassettes are di¡erent. The most abundant cassettes contain the aadA genes aadA1, aadA2 and aadA5, encoding aminoglycoside-adenylyltransferases. Resistance patterns conferred by the cloned gene cassette arrays are summarised in Table 4 . The gene cassette arrays of the resistance plasmids pEm5 and pT7 contain identical cassettes in the same arrangement, despite the fact that the corresponding plasmids are di¡erent with respect to their resistance spectrums (see Table 2 ) and restriction pro¢les. New combinations of integron-speci¢c resistance gene cassettes were found to be present on the plasmids pSm47, pSp14, pSp32, pSp33, pSp39, pCEm5, pSp1 and pSp7. The gene cassettes aadA5 and oxa of the plasmid pSp14 are fused, since no 59-base element could be found downstream of aadA5, which means that the combination of aadA5 and oxa is ¢xed in this integron which has not been described until now. The gene cassettes carrying orf1, orf2 or an orfE-like open reading frame are new. Putative 59-base elements were found in the 3P region of the corresponding gene cassettes, but their function remains unknown. The occurrence of a mlr5983-like gene, encoding a putative transposase, downstream of the aadBaadA1 gene cassettes on plasmid pSp7, is puzzling, since the orientation of the mlr5983-like gene is inverse to aadB and aadA1. Nevertheless, upstream of the mlr5983-like gene the beginning of the 3P-conserved region of class 1 integrons was found, which supports the view that the mlr5983-like gene is part of the variable region of the integron on the plasmid pSp7.
3.4. Integron-speci¢c gene cassette arrays could be identi¢ed on total plasmid-DNA preparations from activated sludge bacteria
To amplify integron-speci¢c gene cassette arrays of plasmids which cannot be transferred to or replicated in the recipients used for the exogenous and direct plasmid isolation experiments, total plasmid-DNA preparations from activated sludge bacteria cultivated on media containing one of the antimicrobial agents ampicillin, chloramphenicol, erythromycin, gentamicin, kanamycin, spectinomycin, streptomycin or tetracycline, were utilised as template DNAs for integron-speci¢c PCR. This approach results in the ampli¢cation of several products ranging in size from about 700 to 2200 bp. The ampli¢cation products were cloned into the vector pGEM-T-Easy. Recombinant pGEM-T-Easy derivatives were di¡erentiated by restriction analysis using the restriction enzymes EcoRI and NciI. Seven pGEM-T-Easy plasmids carrying di¡erent integron-speci¢c inserts were chosen for sequencing analysis. They carry seven di¡erent gene cassette arrays, which are presented in Fig. 2C and Table 3 . Four of the seven ampli¢cates contain only one resistance gene cassette, whereas the remaining ones carry at least two resistance gene cassettes. In summary, six gene cassettes encoding aminoglycoside-modifying enzymes, three for dihydrofolate reductases and one for a putative small exporter protein were found. In addition, the function of the gene cassette containing an orfE-like open reading frame is unknown. The gene cassettes dfrV, dfrVII, aacA4 and qacH were not found on ampli¢cates generated on isolated resistance plasmids (see Fig. 2B1,B2 ). Only the dfr17-aadA5 array (gca-A) is also present on the isolated resistance plasmid pCEm1. The similarity of the gene products encoded by the isolated gene cassettes to corresponding gene products described in the literature is 97^100%, with the exception of the putative orfE-like gene product, which is only 83% similar to OrfE of the integron In4 from Pseudomonas aeruginosa (accession number U12338, see Table 3 ). The gene cassette arrays aadB-aacA4 (gca-L) and qacH-aacA4-orfE-like (gca-M) are described for the ¢rst time.
3.5. Integron-speci¢c sequences were also found on plasmids residing in bacteria of the ¢nal e¥uents of the wastewater treatment plant
To address the question of whether bacteria containing integrons on plasmids are released from the wastewater treatment plant into the environment, total plasmid-DNA preparations isolated from bacteria of the ¢nal ef£uents were used as template DNAs in integron-speci¢c PCR. The obtained ampli¢cation products were cloned into the vector pGEM-T-Easy and sequenced. The results of the sequencing analysis are shown in Fig. 2D . The amplicons carry the resistance gene cassettes aadA8, encoding an aminoglycoside-adenylyltransferase, and aacC1, encoding an aminoglycoside-acetyltransferase. Both gene cassettes were not found on integron-speci¢c ampli¢cation products from activated sludge bacteria. In addition, the gene cassette arrays dfr17-aadA5 (gca-pCEm1 and gca-A) and aadA2 (gca-C), which were found on plasmids residing in activated sludge bacteria (see Fig. 2B2,C) , could also be detected on plasmid-DNA isolated from bacteria of the ¢nal e¥uents.
Some of the gene cassette arrays known to be present on plasmids from activated sludge bacteria could not be identi¢ed on ampli¢cates generated on total plasmid-DNA preparations of the bacteria isolated from the ¢nal e¥u-ents. To analyse whether bacteria containing these sequences are released with the ¢nal e¥uents into the environment, hybridisation experiments were carried out. The cloned integron-speci¢c gene cassette arrays (shown in Fig. 2B1,B2 ) were used as templates and hybridised with labelled probes derived from total plasmid-DNA preparations from bacteria residing in the ¢nal e¥uents. For this purpose, the DNA fragments containing the gene cassette arrays were excised from the recombinant pGEM-T-Easy derivatives, separated from the vector fragment by gel electrophoresis and blotted onto a nylon membrane. This membrane was hybridised with a probe synthesised from a total plasmid-DNA preparation from bacteria of the pre£ooder basin by PCR, using the integron-speci¢c primers 5P-CS and 3P-CS and DIG-11-dUTP. This probe hybridised with the restriction fragments carrying the integron-speci¢c gene cassettes (see Fig. 3 ), demonstrating the release of bacteria containing these sequences on plasmids from the wastewater treatment plant into the environment. The 1295-bp restriction fragment of the gene cassette array on the plasmid pSp7 did not hybridise with the probe. This is most probably due to low abundance of the mlr5983-like gene, which is located on the 1295-bp fragment. The probe described above also hybridised with the gene cassette arrays gca-A, -B, -C, -J, -L, -M and -P (shown in Fig. 2C ), which were obtained from total plasmid-DNA preparations (data not shown).
Discussion
This study describes the screening of resistance plasmids isolated from bacteria residing in the activated sludge compartment of a wastewater treatment plant for the presence of class 1 integrons by an integron-speci¢c PCR approach. Twelve di¡erent resistance plasmids were found to contain eleven di¡erent integron-speci¢c gene cassette arrays. In addition, eight more gene cassette arrays were found on total plasmid-DNA preparations from bacteria of activated sludge and the ¢nal e¥uents of the wastewater treatment plant.
The multiresistance plasmid pSp1 (see Table 2 ), isolated from the cultivable fraction of an activated sludge bacterial community, was found to contain a typical class 1 integron with completely conserved 5P-and 3P-segments. The variable part of this integron consists of two resistance gene cassettes, with the genes oxa10 (for a L-lactamase), aadA1 (for an aminoglycoside-adenylyltransferase) and cmlA5 (for a chloramphenicol exporter protein). The genes oxa10 and aadA1 form a fused gene cassette (see Fig. 2A ). Gene cassettes which are identical or very similar to those of the pSp1 integron were also found in the complex gene cassette array of the integron In53, located on a composite transposon that is inserted on a self-transmissible plasmid [18] . In53 was obtained from the clinical isolate E. coli MG-1 and carries eight functional resistance gene cassettes. The pSp1 oxa10/aadA1 fusion cassette is essentially the same as the one located on the integron In53 and consequently this is the second description of this gene cassette. The In53 and pSp1 cmlA5 cassettes are almost completely conserved, including putative promoter sequences upstream of the cmlA5 coding region. The di¡erence between In53 and the pSp1 integron is that cmlA5 precedes the oxa10/aadA1 cassette on In53, whereas the arrangement of these cassettes is just the other way round on the integron of the plasmid pSp1. It thus appears that identical or nearly identical resistance gene cassettes were found on an integron of a human pathogenic E. coli strain and on an integron isolated from an unknown bacterium residing in the activated sludge compartment of a wastewater treatment plant, which might be interpreted in terms of a common gene cassette pool for these kinds of microorganisms. This assumption is further supported by the ¢nding that other gene cassette arrays identi¢ed in this study were previously described to be present in human pathogenic or opportunistic human pathogenic bacteria. The dfrXII-orfF-aadA2 cassette array of the resistance plasmids pEm5 and pT7 (see Table 2 ) was also identi¢ed in Serratia marcescens (accession number AF284063), Klebsiella pneumoniae (accession number AF180731), Citrobacter freundii (accession number AF175203), on an unnamed E. coli broad-host-range plasmid (accession number AF335108) and on a Tn21-like transposon of Shigella £exneri (accession number AF188331). Likewise, the gene cassette array dfrI-aadA1 of the resistance plasmid pTc1 (see Table 2 ) was also found on class 1 integrons of K. pneumoniae (accession number AY007807), Salmonella enterica subsp. enterica (accession number AF382145), Salmonella typhimurium (accession number AF203818) and E. coli (accession number ECO419168). The combination of the dfr17 and aadA5 gene cassettes, which are present on plasmid pCEm1 (see Table 2 ), was also described for a clinical E. coli isolate (accession number AF169041). The bacterial species listed above are human pathogens or at least occasionally infect humans. It thus appears that several integron-speci¢c gene cassette arrays previously described for clinical bacteria were found in this study to be present in bacteria residing in the activated sludge compartment of a wastewater treatment plant. Transfer of integrons and gene cassettes, especially of those located on transmissible plasmids, from clinical bacteria to endogenous activated sludge bacteria is very well conceivable.
In addition to the isolation of integrons and integronspeci¢c gene cassettes from clinical bacteria [21^24], these elements were also identi¢ed in bacteria of the intestinal £ora of healthy swine [34, 35] , soil and sediment samples [26, 36] , and bacteria from aquatic environments especially ¢sh farming aquacultures [25,37^39] . In some of those studies the involvement of transmissible plasmids as carrier vehicles for integrons could be demonstrated [34, 35, 38, 39] . Studies on the prevalence of di¡erent streptomycin-and gentamicin-resistance genes revealed the presence of these determinants in activated sludge samples from wastewater treatment plants and in samples collected close to a wastewater out£ow [40, 41] . The presence of IncP-type plasmids harbouring streptomycin-and gentamicin-resistance genes could be demonstrated for these environments. Some of the streptomycin-and gentamicin-resistance genes used as probes in those studies were described to occur on integron-speci¢c gene cassettes, but the linkage of the identi¢ed resistance genes to integronspeci¢c sequences was not determined [40, 41] .
In this study we could unambiguously show that the gene cassette arrays isolated from bacteria residing in activated sludge communities are £anked by integron-specific sequences, since part of the 5P-and 3P-conserved segments of class 1 integrons are present on the ampli¢cation products generated by integron-speci¢c PCR and that the identi¢ed cassette arrays are carried on plasmids, some of which are transmissible putative broad-host-range plasmids belonging to the IncP group.
Taken together the obtained results from the literature and data presented in this work, it becomes clear that integron-speci¢c gene cassettes are widespread in natural and man-managed environments and that bacteria of different habitats serve as reservoirs for integrons and integron-speci¢c gene cassettes. It is very likely that the mobile gene cassette pool contributes signi¢cantly to bacterial adaptability, which is of particular importance in environments where antimicrobial drugs are present.
Considering the abundance of di¡erent resistance gene cassettes, it appeared that cassettes encoding di¡erent aminoglycoside-modifying enzymes and dihydrofolate reductases for trimethoprim resistance were found most frequently in the studies cited above [21^25, 35, 38, 39] . This is in agreement with our analyses, where we found eight di¡erent gene cassettes for aminoglycoside-modifying enzymes and seven gene cassettes for dihydrofolate reductases. In addition, cassettes mediating L-lactam resistance, chloramphenicol resistance and resistance against quaternary ammonium compounds were identi¢ed.
It is also interesting to note that our analysis revealed new combinations of integron-speci¢c resistance gene cassettes on the plasmids pSm47, pSp14, pSp32, pSp33, pSp39, pCEm5, pSp1 and pSp7, again demonstrating the £exibility of the integron-speci¢c recombination machinery. Our screening approach showed no signs of saturation, supporting the view that the diversity of gene cassette arrays in the analysed wastewater treatment plant is greater than the diversity of the gene cassette arrays obtained during this work (see Fig. 2 ).
Hybridisation analyses, using cloned gene cassette arrays as templates and labelled plasmid-DNA preparations from bacteria of the ¢nal e¥uents as hybridisation probes, revealed that bacteria containing integron-speci¢c sequences on plasmids are released into the environment.
Hybridising gene cassette arrays are most probably organised in integrons, since the hybridisation probe was synthesised by PCR using integron-speci¢c primers on total plasmid-DNA preparations from bacteria of the ¢nal e¥uents as template DNA. However, it cannot be completely excluded that the detected gene cassettes are not organised in integrons, since gene cassettes were also shown to integrate to secondary sites [42, 43] .
In conclusion, the observation that bacteria containing integrons or integron-speci¢c gene cassettes on plasmids are released from the wastewater treatment plant under study, allows speculations with respect to integron-mediated resistance gene capture, dissemination and recombination of resistance gene cassettes in the wastewater treatment plant itself and in habitats downstream of the plant. It is generally accepted that the mobile gene cassette pool is shared by diverse microorganisms living as human and animal pathogens, in terrestrial and aquatic environments and in wastewater treatment plants. The fact that identical or very similar integron-associated antibiotic resistance gene cassettes were found on mobile genetic elements, especially plasmids, in clinical and in environmental bacteria, establishes the possibility of horizontal transfer of new resistance properties among bacteria, including human pathogens, which might ¢nd their way back to human beings.
